INTRODUCTION
What explains the variation in transmissibility of a virus in a particular host species? A genetic basis to transmissibility is expected, but is usually elusive to define in the absence of a formal description of gene-host interactions (Bangham et al., 2008; Wilfert & Jiggins, 2010) . Studying the genomes of phenotypically variable pathogen strains can prove effective for pinpointing genes that are important in hostpathogen interactions at the population level (Allen & Little, 2009; Costa et al., 2009) .
Baculoviruses are large dsDNA viruses that are occluded into proteinaceous occlusion bodies (OBs) for horizontal transmission. OBs are pathogenic to certain species of insects, especially those in the order Lepidoptera (Gröner, 1986; Martignoni & Iwai, 1981) . These viruses form the basis for a number of biological insecticides employed in the control of caterpillar pests of forests and field crops (Moscardi, 1999) . The effectiveness of biological insecticides and the prevalence of disease in natural insect populations depend in large part on the variation in traits relevant to horizontal transmission, such as OB pathogenicity and OB productivity, associated with particular genotypes (Cory & Myers, 2003; Erlandson, 2009) . the active ingredient of biological insecticides sold in the USA, Europe and Thailand (Bianchi et al., 2001; KolodnyHirsch et al., 1997; Smits et al., 1987) .
A Floridian strain of SeMNPV comprises defective genotypes that reduce the insecticidal properties of the isolate (Muñoz et al., 1998) . Populations of S. exigua from Almería in southern Spain are significantly more susceptible to a native Almerian SeMNPV strain (SeMNPV-SP2) compared with the Floridian strain (Belda et al., 2000) . SeMNPV-SP2 was subjected to field testing (Lasa et al., 2007) and a product containing a mixture of genotypes has now been commercialized under the name Virex (Biocolor). Rapid uptake of virus-based insecticides by greenhouse growers and natural SeMNPV infections in S. exigua populations mean that SeMNPV populations are now present in most greenhouses in Almería. Moreover, infections are observed in the absence of application of these products because, like other baculoviruses, SeMNPV infections can be transmitted vertically from parent to offspring, and because OBs persist in greenhouse soil substrates and can be transferred onto crops and consumed by susceptible caterpillars (Murillo et al., 2007) . This unique field situation is the theatre for a set of continuous host-pathogen interactions.
High levels of genotypic heterogeneity have been observed in natural SeMNPV populations that originated from groups of virus-killed larvae collected in the field (Muñoz et al., 1999) , from greenhouse soils (Murillo et al., 2007) or from the progeny of field-collected adult moths that harboured unapparent infections (Cabodevilla et al., 2011) . Four different genotypes (SP2-A-SP2-D) were obtained by cloning from the Almerian field isolate SeMNPV-SP2 (Muñoz et al., 1999) . SP2-A was the predominant variant in the SP2 strain, used as a bioinsectide in greenhouses (Muñoz et al., 1999) . Nine different genotypes (Se-G24-Se-G29 and Se-M1-Se-M3), presumably derived from SP2, were subsequently identified from greenhouse soil samples (Murillo et al., 2007) . As OBs in the soil can only achieve transmission if they are transported back onto plant surfaces and then eaten by susceptible insects, these genotypes were assumed to result from horizontal transmissions (Cabodevilla et al., 2011) . Additional isolates were obtained from the progeny of field-collected moths that died from virus infection in the laboratory (SeAl1 and SeAl2) or were isolated from a persistently infected laboratory colony (SeOx4-SeOx6). These infections could best be explained by vertical transmission of the virus from parents to their offspring (Cabodevilla et al., 2011) .
Selected biological traits of six of these isolates [VT-SeAl1, VT-SeAl2, VT-SeOx4 (obtained after vertical transmission, prefix VT) and HT-SeG24, HT-SeG25 and HT-SeG26 (obtained after horizontal transmission, prefix HT)] were compared. However, only HT-SeG25 was shown to be unable to sustain covert infection (Cabodevilla et al., 2011) . The isolates HT-SeG25 and HT-SeG26 were the most pathogenic (lower lethal concentration metrics) isolates.
Isolate VT-SeOx4 had the fastest speed of kill compared with other isolates, whereas VT-SeAl1 was the slowest. In terms of yield, measured as OB production per insect, VTSeAl2 was the most productive isolate (Cabodevilla et al., 2011) .
In order to understand the links between the genetic variation observed in SeMNPV isolates and phenotypic traits, such as pathogenicity, speed of kill and yield, the genomes of seven biologically distinct European SeMNPV isolates were sequenced and compared to identify potential associations between variations in phenotypic traits and vertical or horizontal transmission strategies, with reference to the previously sequenced SeMNPV strain from Florida (SeMNPV-US1) (IJkel et al., 1999) .
RESULTS AND DISCUSSION
Linking specific mutations to phenotypic variation is challenging because the phenotype of an individual derives from the specific assembly of the genetic information present at the whole-genome scale. Here, we attempted to infer the potential effects of the genomic variation observed in the genomes of European SeMNPV isolates. The phenotypes of these isolates, which differed in their transmission strategies, were characterized previously in terms of OB pathogenicity, speed of kill and OB yield, as well as their ability to induce sublethal infections in adults (Cabodevilla et al., 2011) . Our aim was to untangle the diversity of the mutations we observed in order to identify potential links between particular genome features and particular viral phenotypes.
Global genomic diversity in SeMNPV isolates
In this study, the genomes of eight SeMNPV isolates were compared. Six of them were from southern Spain (VTSeAl1, VT-SeAl2, HT-SeG24, HT-SeG25, HT-SeG26 and HT-SeSP2A), one was from the UK (VT-SeOx4) and the reference isolate was from the USA (SeMNPV-US1). Annotation of the European genome sequences resulted in 137 putative ORFs (Table 1, Fig. 1 ), except for the HTSeSP2A European reference isolate genome, which has a CAT mutation in position 23 399 producing a stop codon, splitting ORF Ac17 in two. There are several notable differences in ORF composition between the American SeMNPV-US1 (139 ORFs) (IJkel et al., 1999) and European strain analysed in this report (137) (138) . This difference results in part from the concatenation of two ORFs in European genomes compared with the SeMNPV-US1 genome. ORFs SeMNPV-US1-017 and SeMNPV-US1-018 resulted in only one ORF in the European genomes, which is homologous to lef-7 (Ac125). Similarly, ORFs SeMNPV-US1-022, SeMNPV-US1-023 and SeMNPV-US1-024 formed a single ORF, which is homologous to Hear105 in the European genomes. Two additional ORFs were also present in the European isolates. They are homologous to a RING finger cg30 protein and Maco134, present in the closely related Spodoptera litura nucleopolyhedrovirus II and Mamestra configurata nucleopolyhedrovirus B (MacoNPV-B), respectively.
All genomes were of similar length (~135 kbp), except VTSeOx4, which had the largest genome (Table 1) . Most of the size variation could be attributed to the presence of homologous repeat (hr) regions, principally in hr1, in which a~600 bp insertion/deletion (indel) was identified. A global genome alignment revealed that the aligned nucleotide sequences were 97.3 % identical among all SeMNPV isolates and 98.7 % identical among the European isolates.
The larger genome size of VT-SeOx4 is due to a 7701 bp insertion between the ORFs Ld124 and cathepsin. BLAST searches revealed that this insertion contained three ORFs including a homologue of Helicoverpa zea single nucleopolyhedrovirus orf42 (HzSNPV42) and two pseudogenes: a piggyBac transposase and an ORF similar to the hypothetical protein LOC100570593 of the aphid, Acyrthosiphon pisum. The GC content of the insert (34.6 %) was lower than that observed in the rest of the VT-SeOX4 genome (43.9 %). This value was very similar to the 35.9 % GC content of the Spodoptera frugiperda genome (d'Alençon et al., 2010) . Given the presence of the TTAA motif on both sides of the insertion, this suggests that the 7.7 kb insert may have resulted from a piggyBac-mediated transposition event (Fig. 2) . The transposon most likely originated from the genome of the host S. exigua. The frameshifts in the two main ORFs suggest that this transposon is no longer active.
Overall GC content values of 43.9 % were observed for all viral genomes, except for VT-SeOx4 in which the GC content was 43.4 %, due to the compositional bias of the transposable element. This value is also similar to that of other group II alphabaculoviruses, such as MacoNPV-A and MacoNPV-B (Li et al., 2002a, b) (Table 1) .
Mutation detection among European isolates
To assess potential links between genetic diversity and functional diversity, we identified the mutations, single nucleotide polymorphisms (SNPs) and indels present within the European SeMNPV population, as represented by seven isolates. In total, 419 SNPs were identified: 111 in non-coding regions and 309 in coding regions. With 26.5 % of all SNPs detected in non-coding regions, an unexpectedly high prevalence of mutation was evident in non-coding regions, which represent only 9.3 % of the genome. Within coding regions, 200 mutations were synonymous substitutions and 109 SNPs were nonsynonymous, resulting in amino acid changes. These changes in amino acid sequences were not distributed evenly in the genome. Of the 137 ORFs, 64 had no variation in deduced amino acid sequences and 10 ORFs had variation in repeat sequences or in low sequence coverage regions, causing statistical and analytical problems. Consequently, these were regarded as non-significant in our analyses even though they could have a functional impact. Mutations were observed in the remaining 63 ORFs: 51 had non-synonymous nucleotide substitutions, eight ORFs had both indels and SNPs, and four ORFs had only indels (Table 2) .
Among the 109 non-synonymous SNPs, 60 were associated with changes in amino acid polarity, which might have a higher probability of altering protein function. Similarly, two were associated with changes to stop codons, resulting in frameshifts in ORFs Ac17 and odv-e66 of the HTSeSP2A isolate (Table 2, Fig. 1 ). A total of 14 indels were identified in 12 ORFs, one of which resulted in a frameshift Overall, these 76 mutations were found in 48 ORFs belonging to all functional classes. Among these mutations, 31 were orphans found in only one genome, 23 were found in two out of the seven genomes and 22 were shared by three genomes (Table 2 , Fig. 1 ).
Variation in non-coding regions
Non-coding regions of the SeMNPV genomes were observed to have accumulated a greater proportion of mutations than the coding regions, given the relative contributions of these regions to the total genome. Clearly, mutations in coding regions are likely to have deleterious effects, whereas in non-coding regions, such mutations are more likely to be neutral. However, certain non-coding regions could be important components of the genomes. 
J. Thé zé and others
For example, the homologous repeat regions are a wellrecognized characteristic of nucleopolyhedrovirus genomes, but their sequence, number, length and position are specific to each virus (van Oers & Vlak, 2007) . There is growing evidence that homologous repeat regions can function as potent enhancers of gene transcription (Lin et al., 2010) or origins of DNA replication (Hilton & Winstanley, 2008; Hyink et al., 2002; Vanarsdall et al., 2007) . The SeMNPV genome sequences showed variation in the size of homologous repeat regions, in particular hr1, among the European SeMNPV isolates. This had previously been suspected based on the examination of restriction endonuclease profile polymorphisms, which showed broad differences between genomes and allowed the localization of a 4-6 kb variable region in SeMNPV genomes from Spain (Cabodevilla et al., 2011; Muñoz et al., 1999) . Variation in this region was principally due to the variable number of repeats of a 98 bp sequence in hr1, whereas this region was not present in the SeMNPV-US1 strain (Muñoz et al., 1999) . However, the functional importance of homologous repeat size variation resulting from indels remains elusive.
The SeOx4 genome contained a large insertion resulting from the transposition of a piggyBac element, which appeared to be non-functional (Fig. 1) . As a result, this virus had the largest genome among our isolates. Unexpectedly, a significant correlation was observed between the size of the genome and the mean OB production per infected insect (OB per larva) (Spearmann coefficient50.63) (Wessa, 2012) . The largest genome VT-SeOx4 had the lowest productivity (2.99610 8
±4.59610
7 OBs per larva), whereas the smallest genome VT-SeAl2 had the highest OB productivity (1.14610 9 ±1.26610 8 OBs per larva) (Cabodevilla et al., 2011) . This suggests that viral replication rate and production are somehow genome size dependent. This observation is in line with the appearance of defective genomes in cell culture systems (Giri et al., 2012) and natural alphabaculovirus populations (Bull et al., 2001; Simó n et al., 2005; Zwart et al., 2008) . However, as the European isolates of SeMNPV have variable genetic content, genome size is probably not the only factor modulating OB production among the isolates studied, as the virulence trade-off between speed of kill and yield has often been demonstrated in nucleopolyhedroviruses (Cory & Myers, 2003) .
Notably, the insertion of transposable elements, like the piggyBac transposon present in the VT-SeOx4 isolate ( However, transposons do not seem to be maintained normally in baculovirus genomes, possibly due to the fitness costs imposed by the replication of larger genomes.
Variation in coding regions
In coding regions, an excess of synonymous mutations was detected, which do not result in amino acid changes, compared with non-synonymous mutations, which do result in amino acid changes and could potentially alter protein function. We assume that only frameshifts, indels and amino acid changes that are also associated with changes in amino acid polarity are most likely to be involved in functional changes, and emphasize those that are linked with marked phenotypic changes.
Variation in ORFs involved in DNA replication. Nonsynonymous mutations were detected in six of the eight ORFs associated with baculovirus DNA replication ( Table  2 , Fig. 1 ). The mutations in the dnapol and ie-1 ORFs resulted in changes in specific amino acids, but not in their biochemical properties (polarity), and were therefore assumed to have little effect on protein function and virus phenotype. The dbp1, helicase, lef-3 and lef-7 ORFs harboured mutations associated with amino acid polarity changes. The SNP in dbp1 and the SNPs and the indel in lef-3 did not appear to be associated with any marked phenotype.
Remarkably, the SNPs in the helicase and lef-7 ORFs were only found in the HT-SeG25 isolate, for which the expression of the DNA polymerase in adult moths is highly reduced (Cabodevilla et al., 2011) . LEF-7 was shown to enhance baculovirus DNA replication and gene expression (Mitchell et al., 2013) . HT-SeG25 appears incapable of sustaining sublethal infection in adults and is poorly vertically transmitted, but efficiently transmitted horizontally. Mutations in the genes involved in DNA replication might affect the rate of virion production and thus might alter the spread of the infection within the host, thus affecting survival to adulthood. Another distinguishing feature of HT-SeG25 is that it is the most pathogenic isolate, requiring fewer OBs to establish a lethal infection (Cabodevilla et al., 2011) . If SNPs in the helicase and lef-7 ORFs result in more efficient DNA replication, more DNA could be packaged in the virions, which might lead to more occlusion-derived virions (ODVs) being incorporated in the OBs, resulting in OBs with greater insecticidal properties. Fig. 1 ). The mutations in the lef-4 and dBJP ORFs resulted in changes in specifc amino acids, but not in their biochemical properties (polarity), and were therefore assumed to have little effect on protein function or virus phenotype. The mtase-1, lef-9, p47 and pp31 ORFs harboured mutations associated with amino acid polarity changes. The SNP in pp31 did not appear to be associated with any change in phenotype. The mtase-1 had three SNPs in the HT-SeG24 and HT-SeSP2A genomes, but did not seem to be correlated with any particular phenotype.
Notably, the two mutations in the subunits of the viral RNA polymerase, lef-9 and p47 ORFs are only present in the viruses associated with vertical transmission (VTSeAl1, VT-SeAl2 and VT-SeOx4), which are also the least pathogenic. If these SNPs were to alter even slightly the rate of late gene transcription, they could result in the production of fewer ODVs occluded within OBs, which would then be less pathogenic.
Variation in ORFs involved with virion structure, packaging and assembly. The process of virion packaging, including nucleocapsid assembly, requires the interaction of numerous baculovirus proteins (Hou et al., 2013) . Furthermore, these viruses produce two types of virions: budded virions (BVs), which spread secondary infection within the host, and ODVs, which initiate the primary infection following consumption of OBcontaminated foliage by susceptible insects (horizontal transmission). Although both types of virions share a number of protein components, they also each comprise phenotype-specific proteins (Hou et al., 2013) . As changes in BVs or ODVs might lead to different virulence phenotypes, genes associated with virions were classified into one of three categories: (1) involved in the formation of both BVs and ODVs, (2) specific to ODVs and polyhedra, and (3) specific to BVs. Out of the 63 ORFs that contribute to the formation of baculovirus virions, non-synonymous mutations with the potential to alter protein function were detected in 21 ORFs (Table 2 , Fig. 1 ).
ORFs involved in the formation of both BVs and ODVs. We found non-synonymous mutations in seven of the 24 ORFs involved in the formation of both BVs and ODVs (Table 2 , Fig. 1 ). The mutations in desmoplakin changed the amino acid, but not its biochemical properties (polarity), and were therefore assumed to have little effect on protein function or virus phenotype. The p78/83, p24(Ac129), arif, vp80, Ac58 and Ac52 ORFs harboured mutations associated with amino acid polarity changes. The SNPs in arif and Ac58 did not appear to be associated with any clear phenotype. The vp80 ORF had three SNPs associated with the HT-SeG25 and HT-SeSP2A viruses, but these did not appear to alter the phenotype. Similarly, the indels in p78/ 83 and p24(Ac129) did not appear to be associated with any particular phenotype. 
SeMNPV genomic diversity
In contrast, the SNPs present in p78/83 and Ac52 were detected in VT-SeOX4, which is the fastest killing isolate with the lowest OB production per host. The p78/83 ORF is essential in lepidopteran baculoviruses and encodes a structural protein involved in nuclear actin assembly during baculovirus infection (Goley et al., 2006) . Ac52 has no determined function, but its disruption has multiple effects, including a dramatic reduction in BV production, and disruption of normal nucleocapsid envelopment and polyhedron formation, which results in decreased OB pathogenicity and an increase in time to death of infected insects (Tian et al., 2009) . The alteration of these ORFs may improve both virus primary infectivity and systemic infection, conferring a faster speed of kill, but a lower OB productivity.
ORFs specific to ODVs and polyhedra. Non-synonymous mutations were detected in nine of the 27 ORFs involved in the formation of ODVs and OBs (Table 2, Fig. 1 ). The mutations in Ac145b did not change amino acid polarity. ORFs odv-e66 (both copies), Ac145a, cg30b, vp91/95, Ac150 and vp1054 harboured mutations associated with amino acid polarity changes. The SNPs in odv-e66 (both copies), Ac145a and vp1054 do not appear to be associated with any particular phenotype. In Autographa californica multiple nucleopolyhedrovirus, cg30 was shown to confer a slight growth advantage to the virus (Passarelli & Miller, 1994) . Two SNPs in cg30b are associated with the HTSeG25 isolate, which is unable to establish persistent infection; however, their links with the phenotype are tenuous.
Interestingly three ORFs, hoar, vp91/95 and Ac150, had SNPs and indels bringing significant biochemical changes associated with the three viruses isolated following vertical transmission (VT-SeAl1, VT-SeAl2 and VT-SeOx4), which were also the less pathogenic isolates. The mutations in hoar and vp91/95 did not modify amino acid polarity, but as they involved a Leu to Pro change, they could bring an important conformation change to the proteins. There are also two SNPs in vp91/95 only present in HT-SeG25 and HT-SeG26, the most pathogenic isolates. Both vp91/95 and Ac150 have chitin-binding domains and are involved in primary infection of baculoviruses (Lapointe et al., 2004; Rohrmann, 2011) . Disruption of Ac150 results in a significant decrease in OB pathogenicity (Zhang et al., 2005) . The alteration of these ORFs may therefore affect the efficiency of primary infection through the midgut. Selection on this trait might be relaxed in vertically transmitted isolates.
ORFs specific to BVs. Non-synonymous mutations were present in five of the 12 ORFs involved in the formation of BVs (Table 2 , Fig. 1 ). The me53, efp, Ac17, fgf and p26(Ac136)b (one of two copies) ORFs harboured mutations associated with amino acid polarity changes. The SNPs in efp, the SNPs and the indel in Ac17, and the SNPs in fgf and in p26(Ac136)b do not appear to be associated with any particular phenotype. The indel in p26(Ac136)b is only present in HT-SeG25 and HT-SeG26, the most pathogenic isolates. However, functional analyses (Simó n et al., 2008) revealed no differences when this indel was introduced and a correlation with pathogenic phenotype could not be inferred.
Remarkably, the three SNPs in me53 were only present in the three viruses isolated following vertical transmission (VT-SeAl1, VT-SeAl2 and VT-SeOx4), the least pathogenic isolates. This ORF encodes a protein containing a zincfinger domain and is required for efficient BV production (de Jong et al., 2009) . The alteration of this ORF might improve BV production, conferring a better systemic infection in insect host cells and increasing baculovirus pathogenicity.
Variation in ORFs with accessory functions or involved with host interaction. Non-synonymous mutations were identified in seven of the 11 ORFs with accessory functions (Table 2, Fig. 1 ). The rr1, iap2, Ac18 and Ac134 ORFs harboured mutations associated with amino acid polarity changes. The SNP in rr1 is present only in VT-SeAl2, the least pathogenic and most productive isolate. The rr1 ORF is involved in DNA replication and repair by transforming RNA building blocks to DNA building blocks (Nordlund & Reichard, 2006) . The alteration of this ORF could modulate OB productivity.
The SNPs in iap2 and Ac18 and the indel in Ac134 are present only in the three viruses isolated after vertical transmission (VT-SeAl1, VT-SeAl2 and VT-SeOx4), the least pathogenic isolates. Although its function is not well established, Ac18 may play a role in efficient virus infection that could increase the speed of kill (Wang et al., 2007) . Both iap2 and Ac134 are involved in the anti-apoptotic response (Clem & Miller, 1994; Friesen & Miller, 1987; Katsuma et al., 2008) . Slight changes in the inhibition of apoptosis might modulate the progression of systemic infection. This in turn could alter OB pathogenicity. Modulation of the anti-apoptotic response might also favour the establishment of covert infections in adults, favouring efficient vertical transmission.
Variation in ORFs with unknown functions. Finally, nonsynonymous mutations were identified in 23 of the 42 ORFs of unknown function (Table 2, Fig. 1 ). Se5, Maco12, Ac13, Se20, Phop36, Hear105, Se28, Ld129, Maco39, Maco41, p13 (Ls114), Se84, Se85, Ac57, Ac56, Maco134, Ld55 and Ac34 harboured mutations associated with amino acid polarity changes. The SNPs and indels in most of these ORFs did not appear to be associated with any specific phenotype. However, the SNPs and indels in Se5, Se84 and Phop36 were associated with particular isolates, but functional analyses did not provide support for any particular phenotypic associations. However, the deletion of 4 bp in Se28 truncated approximately one-fifth of that protein in the VT-SeOx4 isolate. This isolate had a clear phenotype, as it was isolated from insects with established long-term covert infections in a laboratory insect colony and was the fastest-killing virus isolate. Its mutated Se28 protein was likely non-functional, suggesting that the alteration of this ORF may have an important role in modulating sublethal infection in S. exigua.
CONCLUSIONS
This study of genomic diversity among several isolates of the alphabaculovirus SeMNPV revealed a high number of polymorphic sites. However, relatively few sites in the genomes were potentially involved in functional changes. Interestingly, these mutations were located in ORFs belonging to all functional classes. Changes in 13 ORFs (Ac18, Ac52, Ac134, Ac150, helicase, iap-2, lef-7, lef-9, me53, p47, p78/83, Se28 and vp91/95) could be correlated with particular phenotypic characteristics of the isolates. Notably, most of the changes identified could be involved in differences in transmission strategy. Mutations in two ORFs, the helicase and lef-7, are present in the HTSeG25 isolate, which appears unable to sustain covert infection required for vertical transmission. Mutations in three ORFs, Ac52, p78/83 and Se28, are found only in the VTSeOX4 isolate, which has maintained long-term covert infection in a laboratory colony of S. exigua. Lastly, mutations in seven ORFs (Ac18, Ac134, Ac150, iap-2, lef-9, me53 and p47) are present only in the three isolates obtained following vertical transmission (VT-SeAl1, VTSEAl2 and VT-SeOx4). Altogether, these ORFs, distributed among DNA replication, transcription, virus structure or host interactions, such as anti-apoptosis, suggest that baculovirus virulence or transmission phenotypes rely on the modulation of multiple molecular pathways. This study, unique to date for baculoviruses, provides a catalogue of potential lines of research based on clear predictions identified by us. Evidently, functional studies would need to be undertaken now to validate the phenotypic effect of the genomic variations that we identified as likely to be influential in specific virus phenotypic traits.
METHODS
Virus isolates. Seven isolates from our SeMNPV virus collection were used. Isolates HT-SeG24, HT-SeG25, and HT-SeG26 had been isolated from greenhouse soil substrates in Almería, Spain (Murillo et al., 2007) . The VT-SeAl1 and VT-SeAl2 isolates were obtained from virus-killed progeny of field-caught adults from Almerian greenhouses, whereas VT-SeOx4 originated from virus-killed progeny from a chronically infected laboratory population from Oxford, UK (Cabodevilla et al., 2011) . HT-SeSP2A had been subjected to detailed phenotypic characterization in previous studies and was included as the European reference isolate (Muñoz et al., 1999) . These isolates each comprised a single dominant genotype, as indicated by the absence of submolar fragments in restriction endonuclease profiles (Cabodevilla et al., 2011) .
Virus amplification and DNA isolation. In order to amplify each isolate, recently moulted S. exigua fourth instars were infected by the droplet feeding method (Hughes & Wood, 1981) , using an OB concentration estimated previously to result in~90 % mortality. Larvae were allowed to drink for a 10 min period or until they moved away from the droplet and were then transferred individually to a 24-compartment plate containing artificial diet. Larvae were reared at 25±2 uC and cadavers were collected 5-7 days post-infection. OBs from virus-killed larvae were homogenized in 1 ml sterile water and filtered. DNA purification from OBs was performed by CsCl gradient to obtain DNA samples with a concentration ¢300 ng ml 21 and A 260/280 ¢1.8.
DNA sequencing. Between 5 and 10 mg genomic DNA from each isolate was subjected to 454 sequencing (454 Lifesequencing). For each isolate, genome gap closing was obtained using the Sanger technique after PCR amplification of the non-overlapping regions using specific primers (Sistemas Genó micos).
Genome assembly and annotation. First, the reads of all isolates obtained by 454 sequencing together with the sequences from the Sanger technique were combined and then mapped onto the SeMNPV-US1 strain genome (IJkel et al., 1999) using the runMapping program of the Newbler package (Margulies et al., 2005) . This mapping produced the 'European' genome consensus sequence (SeMNPV-EU), which was used subsequently as the assembly reference genome. Then, independent mappings of each isolate were performed using the SeMNPV-EU consensus, using the runMapping program, to obtain seven separate genome consensus sequences corresponding to VTSeAl1, VT-SeAl2, VT-SeOx4, HT-SeG24, HT-SeG25, HT-SeG26 and HT-SeSP2A isolates. Following each mapping, consensus sequences were established, based on a combination of majority rule and read quality, and possible local assembly errors were manually corrected based on individual 454 reads.
Finally, ORF predictions were performed using the Glimmer3 program (Salzberg et al., 1998) and ORF functional homologies were identified by aligning protein sequences of each ORF to the viral orthologous clusters of the Viral Bioinformatics Resource Center (Ehlers et al., 2002; Upton et al., 2003) and to the National Center for Biotechnology Information non-redundant protein database, using the BLASTP program (Altschul et al., 1997) . Each gene was assigned to a functional class, such as replication, transcription, virion assembly and packaging, BV specific, ODV specific, accessory or unknown based on literature (Hou et al., 2013; Rohrmann, 2011) .
Mutation detection. SNPs were detected using the SWP454 program (Brockman et al., 2008) by mapping the reads of each isolate onto the VT-SeAl1 European isolate sequence, with a minimum of one read coverage. In case of polymorphic sequences within a single isolate, a 66 % consensus rule was applied by SWP454 regardless of read quality. Positions with indels were ignored in the SNP analysis. Indels were detected by comparing the results of codon-based multiple alignments of each ORF and including all isolates, using the CLUSTAL Omega program (Sievers et al., 2011) .
